Objective: Nitric oxide (NO) has been shown to induce apoptosis in cardiomyocytes under normoxic conditions. The ability of NO to induce apoptosis after ischemia-reperfusion, a situation of increased NO release in vivo, has not been investigated. The present study was undertaken to characterize the pathway of induction of apoptosis by NO and the influence of ischemia on this pathway in cardiomyocytes.
Introduction
used as an experimental model. When the cells were exposed to simulated ischemia-reoxygenation they proIn recent years several studies have demonstrated the gressively developed necrosis, but not apoptosis. Those appearance of apoptotic cardiomyocytes in ischemic-refindings indicated that factors extrinsic to the carperfused myocardium. Apoptosis of cardiomyocytes may diomyocytes contribute to their apoptotic cell death in be elicited by conditions extrinsic or intrinsic to this cell ischemic-reperfused myocardium. Nitric oxide (NO) is type. In a previous study we analysed whether energy one such possible extrinsic factor. In ischemic-reperfused depletion is a sufficient intrinsic cause for apoptosis myocardium it can be released, e.g. by infiltrating macroinduction in cardiomyocytes [1] . To exclude the influence phages. Indeed, a correlation between the appearance of of extrinsic factors, isolated adult cardiomyocytes were apoptosis in ischemic-reperfused myocardium and an increased iNOS expression in infiltrating macrophages has been demonstrated by Suzuki et al. [2] . A correlation between apoptosis induction and iNOS expression was also shown for cardiac allograft rejection [3] . In neonatal as 2.2. Experimental protocols well as in adult cardiomyocytes NO-donors, like S-nitrosoglutathione, (6)-S-nitroso-N-acetylpenicillamine For simulated ischemia, dishes were filled with 1 ml of (SNAP) or sodium nitroprusside, have been found to the modified Tyrode's medium (pH 6.4), gassed with induce apoptosis [4, 5, 1] .
100% N and incubated at 378C for various times (1, 2 and   2 We reported previously [1] that NO induces apoptosis 3 h) in gas tight chambers in an atmosphere of 100% N . 2 under normoxic conditions in isolated adult carReoxygenation was performed by addition of 1 ml CCT diomyocytes. It is not known (i) whether NO induces medium and incubation of the cells at 378C with air apoptosis in cardiomyocytes via its cGMP dependent oxygen. Time matched controls for anoxic incubations signaling mechanism or some other radical related mode of were obtained by use of media equilibrated with air instead action and (ii) whether NO acts as an apoptotic agent also of N and adjusted to pH 7.4 instead of 6.4.
2 in reperfusion, when the metabolism of cardiomyocytes is Apoptosis inducing agents were applied under normoxic altered due to the preceding ischemic conditions. The conditions, immediately after simulated ischemia or after present study was undertaken to identify the second different times of reoxygenation (30, 60 and 90 min) by messengers leading to NO-induced apoptosis in caraddition of 10 ml of an appropriate stock solution in diomyocytes and to analyse how ischemic conditions DMSO. Control dishes were incubated with vehicle. influence this signaling pathway. Again, a model of Fluorescence staining with annexin V-FITC-propidium isolated adult rat cardiomyocytes exposed to simulated iodide was done 2 h and DNA extraction was performed 6 ischemia and subsequent reoxygenation was used. Ish after addition of agent. chemia was simulated by incubating cardiomyocytes in an anoxic glucose-free medium (pH 6.4), an experimental 2.3. Analysis of genomic DNA model which has been characterised in detail before [6] [7] [8] .
To induce apoptosis, the NO-donor SNAP was used [9, 10] . DNA was extracted as described by Tanaka et al. [12] 6 Apoptotic cell damage was monitored (i) by the appearh after agent addition or in time-matched controls. In brief, ance of DNA laddering in agarose gels, and (ii) by the cardiomyocytes were harvested by centrifugation at 2800 g translocation of phosphatidylserine to the outer cell surface for 5 min. After resuspension in lysis buffer (100 mM as detected by binding of FITC-labeled annexinV under NaCl; 10 mM Tris-HCl; 25 mM ethylenediaminetetraexclusion of the DNA dye propidium iodide.
acetic acid (EDTA); 0.5% sodiumdodecyl sulfate, 100 mg / ml proteinase K, pH 8.0) myocytes were incubated for 3 h at 378C. After phenol-chloroform extraction and ethanol precipitation DNA was dissolved in TE buffer ( AnnexinV-FITC-propidium iodide staining was perplated on 60-mm culture dishes, which were preincubated formed essentially as described by Vermes et al. [13] and overnight with 4% fetal calf serum in medium 199 as Martin et al. [14] . In detail, 10 ml of annexinV-FITC previously described [11] . The basal culture medium (Boehringer, Ingelheim, Germany) and 1 ng propidium (CCT) was modified medium 199 including Earle's salts, 2 iodide were added to the culture medium (2 ml) 2 h after mM L-carnitine, 5 mM taurine, 100 IU / ml penicillin, 100 addition of agent or in time-matched controls. Cultures mg / ml streptomycin and 10 mM cytosine-b-Dwere then incubated for 10 min at 378C in the dark before arabinofuranoside (pH 7.4). Three hours after plating the being analysed by fluorescence microscopy. As an early dishes were washed twice with modified phosphate free event of apoptosis, cells translocate phosphatidylserine Tyrode's medium (140 mM NaCl; 3.6 mM KCl; 1.2 mM from the inner site of their plasma membrane to the outer Mg SO ; 1 mM CaCl and 20 mM N-2-(hydroxyethyl)-surface [15] while the membrane remains physically intact. piperazine-N9-2-ethansulfonic acid, pH 6.4). As a result of Apoptotic cells therefore stain with annexinV-FITC, which the medium change broken cells were removed resulting in binds with high affinity to phosphatidylserine and exclude cultures of about 90% quiescent rod-shaped cells on propidium iodide, a DNA dye, as this is unable to pass average. through the plasma membrane. Necrotic cells have lost the physical integrity of their plasma membrane and therefore of 100 mM SNAP. This has to be compared with a stain both with annexin-FITC and propidium iodide. Cells background of 4.761.3% apoptotic and 9.062.8% necrotic which are neither apoptotic nor necrotic do not stain with cells found in untreated controls which most likely results either dye. For quantification of apoptosis and necrosis 300 from the isolation procedure (P,0.01) (Fig. 1a) . The randomly distributed cells were counted in each experiinactive analog of SNAP, N-acetylpenicillamine (NAP, 100 ment. mM), which does not release NO, did not change the rate of cell death compared to the controls. These results
Determination of cellular cGMP contents
For measurement of cellular cGMP contents cardiomyocytes were preincubated with the phophodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX, 1 mM) for 10 min. Then cells were stimulated in the presence of IBMX for 10 min with different agents. Cellular cGMP 3 contents were analysed with the cGMP-( H)-assay system from Amersham (Braunschweig, Germany) and expressed in relation to cellular protein content.
Statistics
Data were analysed using Microcal ORIGIN Version 3.5 (Microcal Software, Northampton, MA, USA). Statistical comparisons involving more than two groups were performed by means of one-way ANOVA test followed by t-tests for independent samples. According to Bonferroni method the significance level is adjusted to the number of compared groups, which were always 4 or 5 in this study [16] ; therefore a P value of ,0.01 was considered to indicate statistical significance. Comparison between two groups were performed by means of t-tests for independent samples with a critical value of P50.05. Sample size was 3-5 experiments in independent cell preparations. All values are expressed as means6SEM.
Materials
Medium 199 was obtained from Boehringer (Mannheim, Germany), fetal calf serum from PAA (Linz, Austria), crude collagenase was from Biochrom (Berlin, Germany), KT5823, ODQ, 8-pCPT-cGMP, SNAP and Z-DEVD-FMK was from Calbiochem (Bad Soden, Germany), IBMX and obtained by annexinV-FITC propidium iodide staining were confirmed by DNA-laddering. This was only observed in experiments in which cardiomyocytes were incubated with 100 mM SNAP (Fig. 1b) . In the presence of the caspase-3 inhibitor Z-DEVD-FMK (10 mM), induction of apoptosis by SNAP was abolished (5.362.9% apoptotic cells, not significant vs. control). Incubation of cardiomyocytes with the inhibitor of soluble guanylyl cyclase, ODQ (10 mM) or the inhibitor of protein kinase G, KT5823 (10 mM) inhibited entirely the apoptotic response to SNAP (5.460.9% and 6.561.1% apoptotic cells, respectively; not significant vs. controls) and DNA-laddering was also no longer detectable (Fig. 1a and b) . Neither of the inhibitors had influence on the rate of necrotic cell death after SNAP addition (18.562.8% necrotic cells in presence of Z-DEVD-FMK, 23.362.7% in presence of ODQ and 24.862.8% with KT5823, not significant to SNAP-induced necrosis). These findings indicate that NOinduced apoptosis, but not necrosis, is mediated in a cGMP-dependent manner.
The NO-independent activator of soluble guanylyl cyclase, YC-1 induced apoptosis dose-dependently (Fig.  2 ). After addition of 75 mM YC-1, 14.662.8% apoptotic cardiomyocytes were found (P,0.01 vs. control). Direct activation of protein kinase G by incubation of the cardiomyocytes with 8-pCPT-cGMP also induced apoptosis concentration-dependently, reaching 9.660.6% apoptotic cells at a concentration of 100 mM (P,0.01 vs. control) (Fig. 2). 
cGMP contents under normoxic conditions
To evaluate the activation of guanylyl cyclase, the rise of cGMP contents in cardiomyocytes incubated in the presence of the unspecific inhibitor of phosphodiesterases IBMX (1 mM) was monitored. Under these conditions, (Fig. 3) . To simulate ischemia, cells were exposed for 3 h to acidotic anoxic conditions. This was followed by 2 h of reoxygenation. Then cardiomyocytes were stained with induced apoptotic cell death (4.660.7% apoptotic cells; annexinV-FITC-propidium iodide. As also demonstrated in not significant vs. control). a previous study [1] , anoxia-reoxygenation did not induce
In an additional set of experiments we investigated if apoptosis in isolated cardiomyocytes. The amount of this protection against SNAP induced apoptosis was 4.960.7% apoptotic cells is the same as 4.861.2% apomaintained during longer periods of reoxygenation. In ptotic cells found under normoxic control conditions (Fig. these experiments SNAP was added not immediately at the 4). In contrast to its pronounced apoptotic effect under beginning of reoxygenation but after 30, 60 or 90 min. In normoxic conditions, addition of the NO-donor SNAP each case the annexinV-FITC-propidium iodide assay was (100 mM) at the beginning of reoxygenation no longer performed 2 h thereafter. We found that the protection simulated ischemia (5.860.5% apoptotic cells, when SNAP was added after 60 min of reoxygenation, not significant vs. control). Addition of SNAP after 90 min of of reoxygenation, cGMP content rose as under normoxic reoxygenation, however, induced apoptosis (11.362.3% conditions to 17463.9% (P,0.01 vs. control) (Fig. 5 ). apoptotic cells, P,0.01 vs. control).
SNAP was also added to cardiomyocytes at the beginDuring the first hour of reoxygenation, cardiomyocytes ning of reoxygenation after only 1 or 2 h of anoxia and the were protected against apoptosis induced by the NO-donor apoptotic response as well as the cGMP contents were SNAP but not against apoptosis induced by YC-1 or measured. Comparison of cGMP contents with the levels 8-pCPT-cGMP: Added at the very beginning of reoxygeof apoptosis found in presence or absence of SNAP or nation after 3 h of anoxia, YC-1 (75 mM) or 8-pCPT-YC-1 under normoxic or anoxic-reoxygenated conditions cGMP (100 mM) induced apoptosis in 13.462.4 or demonstrate a linear correlation between these parameters 8.960.7% of the cells, respectively (P,0.01 vs. control) (Fig. 6) . Induction of apoptosis by SNAP or YC-1 was (Fig. 4) .
thus always accompanied by an activation of soluble guanylyl cyclase. Under conditions when incubation with 3.4. cGMP contents after anoxia-reoxygenation SNAP did not result in a cGMP-increase, there was no induction of apoptosis. To evaluate activation of soluble guanylyl cyclase, cGMP contents were measured in presence of IBMX after an incubation time of 10 min. In contrast to normoxic 4. Discussion conditions, addition of SNAP (100 mM) after 3 h of anoxia, directly at the beginning of reoxygenation, did not Nitric oxide, which is found in increased amounts in increase cellular cGMP contents as compared to timeischemic-reperfused myocardium, can induce apoptosis in matched controls (Fig. 5) . When YC-1 (75 mM) was added cardiomyocytes under normoxic conditions [4, 5, 1] . But the at the beginning of reoxygenation, cGMP contents ineffects of NO on cardiomyocytes under post-ischemic creased by 7664.2% within 10 min (P,0.01). The conditions are unknown. In the present study the mechasuppression of the cGMP response to NO was transient.
nisms of transduction of the apoptotic signal of NO in When cardiomyocytes were exposed to SNAP after 90 min adult cardiomyocytes and of how this signaling may be altered after cardiomyocytes had been exposed to conditions of simulated ischemia was investigated. The main findings are that (i) NO induces apoptosis, but not necrosis tosis, for up to 1 h of reoxygenation. During this time of in a cGMP-dependent manner and that (ii) after simulated protection addition of SNAP no longer resulted in an ischemia, NO becomes transiently unable to activate activation of soluble guanylyl cyclase, as determined by soluble guanylyl cyclase and thus to induce cGMP-memeasurements of intracellular cGMP levels. In contrast to diated apoptosis in cardiomyocytes. As a result of the the transient loss of the apoptotic response to SNAP, direct latter, cardiomyocytes are transiently protected against activation of soluble guanylyl cyclase by YC-1 or of NO-mediated apoptosis.
protein kinase G by 8-pCPT-cGMP was still able to induce Induction of apoptosis by the NO-donor SNAP was apoptosis after anoxia. These results demonstrate that the dose-dependent and could be inhibited by the inhibitor of transient loss of the effect of SNAP is not due to postcaspase-3. Caspase-3 has been implicated as mediator of ischemic inactivation of soluble guanylyl cyclase or proapoptosis in a variety of mammalian cell types [17] .
tein kinase G. They also suggest that absence of the Inhibition of soluble guanylyl cyclase by ODQ [18] , or of apoptotic response to NO is not due to a lack of metabolic protein kinase G by KT5823 [19] also totally abolished energy, required to drive the apoptotic process. The latter SNAP-induced apoptosis. The NO-independent activator implication is in agreement with previous observations on of soluble guanylyl cyclase, YC-1 [20] , and the activator of the same model showing a rapid recovery of the state of protein kinase G, 8-pCPT-cGMP [21] , were able to induce energy [6, 1] . The fact, that YC-1 remains capable of apoptosis in cardiomyocytes. These results show that inducing apoptosis but SNAP does not, indicates that apoptosis is mediated via a cGMP-dependent pathway. In either the interaction of NO with soluble guanylyl cyclase, contrast to the induction of apoptosis, the necrotic response involving a binding site different to that of YC-1 [22] , is to SNAP is most likely related to toxic NO-derived impaired or the ability of SNAP to generate NO intracelluradicals, since it could not be blocked by the inhibitors of larly is compromised. It seems possible, e.g., that reoxygesoluble guanylyl cyclase or of protein kinase G. nated cardiomyocytes produce oxygen radicals during the After exposure to simulated ischemia cardiomyocytes early phase of reoxygenation which scavenge NO. were transiently protected against SNAP-induced apopIncreases in intracellular cGMP content due to applica- contrast to this are findings of the same group [4] showing
